carbon catabolite repression is a regulatory mechanism to ensure sequential utilization of carbohydrates and is usually accomplished by repression of genes for the transport and metabolism of less preferred carbon compounds by a more preferred one. Although glucose and mannitol share the general components, enzyme i and Hpr, of the phosphoenolpyruvate-dependent phosphotransferase system (ptS) for their transport, glucose represses the transport and metabolism of mannitol in a manner dependent on the mannitol operon repressor MtlR in Escherichia coli. in a recent study, we identified the dephosphorylated form of HPr as a regulator determining the glucose preference over mannitol by interacting with and augmenting the repressor activity of MtlR in E. coli. Here, we determined the X-ray structure of the MtlR-HPr complex at 3.5 Å resolution to understand how phosphorylation of HPr impedes its interaction with MtlR. The phosphorylation site (His15) of HPr is located close to Glu108 and Glu140 of MtlR and phosphorylation at His15 causes electrostatic repulsion between the two proteins. Based on this structural insight and comparative sequence analyses, we suggest that the determination of the glucose preference over mannitol solely by the MtlR-Hpr interaction is conserved within the Enterobacteriaceae family.
Results

E. coli MtlR forms a homodimer with an Hpr-binding site on each protomer. Vibrio parahaemo-
lyticus MtlR (vpMtlR), a close homolog of E. coli MtlR (ecMtlR), has been previously reported to form a stable homodimer through extensive hydrophobic interactions 11 . Since the residues lining the dimeric interface of MtlR are highly conserved between the two species, it was likely that ecMtlR also forms a homodimer. To verify this, we performed size exclusion chromatography (SEC) followed by multi-angle light scattering analysis (MALS) with purified ecMtlR fused with His 6 -tag (ecHisMtlR: ~23 kDa) (Fig. 1A) . The SEC result showed a single monodisperse peak, and the molecular mass estimated from the MALS data was ~45 kDa, indicating that ecHisMtlR exists as a homodimer. Next, we purified the ecHisMtlR-HPr complex and measured its molecular mass in SEC-MALS. The resulting molecular mass of the complex was ~59 kDa, which is slightly smaller than the theoretical mass (~64 kDa) of the 2:2 complex between ecHisMtlR and HPr, suggesting that one or two molecules of HPr (9 kDa) are bound to the MtlR dimer.
The purified complex was initially crystallized in the reservoir solution containing 100 mM Tris-HCl (pH 8.5), 200 mM Mg-acetate, and 15% polyethylene glycol (PEG) 8000, and yet the crystals were very small and did not diffract X-rays to sufficient resolution for three-dimensional structure analysis. While changes in the reservoir condition could not improve the crystal quality, the addition of purified HPr into the protein complex sample dramatically increased the size and diffraction quality of crystals. From an improved crystal, we collected the 3.5 Å resolution data and solved the ecMtlR-HPr complex structure by the molecular replacement method using the available vpMtlR structure and an E. coli HPr structure (see Methods). In the crystal structure, the asymmetric unit contains two ecMtlR monomers, which do not form an apparent dimer with each other. Instead, each ecMtlR monomer forms a dimer with a symmetry-related molecule. As expected from the sequence homology with vpMtlR, the dimeric interaction of ecMtlR was almost identical to that of vpMtlR. Importantly, we identified that an HPr molecule is bound to each of the two ecMtlR monomers in the asymmetric unit. The two ecMtlR-HPr complexes in different crystal packing environments exhibited almost identical structures (data not shown). The structural alignment of HPr-bound ecMtlR with vpMtlR also showed no significant conformational difference 11 (PDB 3BRJ, gray) is superposed on the ecMtlR structure. N-and C-termini and α-helices of both MtlRs are labeled. vpMtlR has an additional α-helix (α7 in gray) compared with ecMtlR, thus α8 of vpMtlR in gray and α7 of ecMtlR in green are structurally aligned. between the two MtlRs, suggesting that HPr-binding does not change the overall structure of ecMtlR ( Fig. 1B) . Therefore, it is most likely that the two ecMtlR protomers in the dimer interact with HPr independently of each other. Hence the ecMtlR-HPr complex can be in 2:1 or 2:2 stoichiometry of ecMtlR and HPr depending on the concentration of dephosphorylated HPr. overall structure of the heterotetrameric ecMtlR-Hpr complex. Rather than the predicted α/β structure 12 , the ecMtlR monomer consists exclusively of α-helices arranged in 3 layers (α1 in the first layer; α2, α3, and α7 in the second; α4, α5, and α6 in the third), which superpose well with the corresponding helices of vpMtlR ( Fig. 1B) . However, the shortest helix (α7) of vpMtlR is replaced by a loop in ecMtlR, and the conformation of the proline-rich loop region (residues 145-157) between α6 and α7 in ecMtlR is quite different from that of the corresponding loop in vpMtlR ( Fig. 1B) . Notably, 10 out of 13 residues in this loop of ecMtlR are hydrophobic and mostly solvent-exposed, and thus a wide hydrophobic groove is formed by the α6-α7 loop together with helices α6 and α7. The groove-lining residues are quite well conserved in the Enterobacteriaceae family. EcMtlR homo-dimerizes mainly through interactions mediated by the helices α3 and α4, resulting in an elongated ship-shaped structure ( Fig. 2A ). Since the dimeric interaction is almost identical to that of vpMtlR, the overall structure of the dimer is also similar between the two proteins. From the amino acid sequence alignment of 21 MtlR homologs selected following a BLAST search for sequences sharing 20-50% identity with E. coli MtlR and also with one another, we found that a broad surface area corresponding to the upper deck of the ship-shaped structure is highly conserved (Fig. 2C ), suggesting that this area may be involved in the interaction with an unknown binding partner such as a cognate DNA-binding protein proposed in our previous study 10 . Interestingly, HPr bound to the hydrophobic pocket formed by α5 and α6 between the hydrophobic groove and the highly conserved area ( Fig. 2B,C) . Consequently, two HPr molecules on the MtlR dimer are facing each other across the conserved area forming a deep groove, which is enough to accommodate a small protein domain or double-stranded DNA (Fig. 2D ). ecMtlR and HPr is formed by 15 residues from ecMtlR and 10 residues from HPr, where the interatomic distance is less than 5 Å (Fig. 3A,B ). The most prominent interaction in the interface is between Phe48 in HPr and the hydrophobic pocket of the ecMtlR surface ( Supplementary Fig. 2 ). Similar interactions have also been observed in the structures of Rsd-HPr and EIIA Mtl -HPr complexes, suggesting that Phe48 of HPr is widely used for its recognition by other proteins 13, 14 . In addition to Phe48, its neighboring hydrophobic residue Leu47 closely interacts with the top rim of the pocket. The importance of the two residues for the ecMtlR binding was evidenced by our previous mutational study, in which the double mutation of L47A and F48A in HPr significantly decreased the binding affinity for ecMtlR 10 .
To further verify whether the ecMtlR-HPr structure represents the interaction of the two proteins in solution, we also mutated two hydrophobic residues in the binding surface on MtlR ( Fig. 3C ). We first substituted Ala115 with tryptophan. This alanine residue is completely solvent-exposed when HPr is not bound, and interacts with Ala20 of HPr upon its binding. Hence we assumed that a mutation of Ala115 of MtlR to a larger residue may cause a steric hindrance with Ala20 of HPr without affecting its structure. The A115W mutant of His-tagged ecMtlR was expressed in a soluble form in E. coli, and we purified the mutant as well as the wild-type protein for the His-tag pull down assay. We mixed His-MtlR or its mutant protein (200 μg each) with 200 μg of HPr, and loaded the mixture onto a TALON metal affinity column. After a brief wash, proteins bound to the TALON resin were eluted with 150 mM imidazole and analyzed by SDS-PAGE followed by staining with Coomassie brilliant blue. On the stained gel, the band intensity of HPr co-eluted with His-MtlR(A115W) was less than half of that co-eluted with the wild-type His-MtlR, indicating that the A115W mutation significantly decreased the binding affinity for HPr. We also mutated Leu112, which is half-buried in the binding surface of MtlR and interacts with Thr16 and Arg17 of HPr. When Leu112 was mutated to Trp, there was no apparent decrease in the HPr-binding affinity. However, when Leu112 was mutated to Ala, the HPr-binding activity was significantly decreased, indicating a bulky hydrophobic residue is required at this position. the electrostatic interaction is crucial for the ecMtlR-Hpr binding and can be compromised by phosphorylation at His15 of HPr. An interesting feature of the intermolecular interaction is the charge distribution in the interface. We found that the binding surface of HPr contains five basic residues and no acidic residue, while that of ecMtlR has seven acidic residues (Glu108, Glu111, Glu118, Glu119, Asp123, Glu133, and Glu140) and only one basic residue (His122) ( Fig. 3B ). As shown in the electrostatic potential surfaces (Fig. 4A,B ), several basic residues (marked by blue letters) of HPr are clustered near the phosphorylation site (His15), while several acidic residues (marked by red letters) of MtlR are clustered around the HPr-binding site. This charge distribution suggests that the electrostatic interaction may be the main contributor to the binding affinity of the two proteins. In the previous study, we showed that the binding affinity for MtlR significantly decreased in several HPr mutants, including R17A, K27E, and S46D 10 . Therefore, the introduction of a negative charge(s) and/or removal of a positive charge(s) near the phosphorylation site of HPr appear to have influenced the MtlR-HPr interaction. In the MtlR-HPr structure, Arg17 and Lys27 of HPr can form salt bridges with Glu111 and Glu119 of MtlR, while Ser46 of HPr is located close to Glu119 and Asp123 of MtlR ( Fig. 3B ), providing mechanistic explanations for the observed decreases in the binding affinity of those HPr mutants for MtlR 10 .
To further verify the importance of the electrostatic interaction, we also mutated two glutamates on the binding surface of ecMtlR and performed an in vitro binding assay (Figs 3C and 4C). As expected, E108S and E140S mutants showed decreased binding affinities for HPr. We also tested a double mutant at both residues, and the mutant showed a much lower affinity for HPr than the single mutants. Although how the glutamate residues interact with HPr is not clear due to the low resolution of the current structure, we assume that Glu108 and Glu140 interact with basic residues near the His15 phosphorylation site. To determine precise binding affinities of HPr for the wild-type and mutant ecMtlR, we performed interaction tests using Monolith NT.115 (NanoTemper Technologies) ( Supplementary Fig. 3 ). The measured dissociation constant (K D ) for the wild-type complex was ~21 nM, which is slightly lower than the data previously determined by Surface Plasmon Resonance (SPR) 10 . As expected, the K D values for E108S and E140S single mutants were 1.42 ± 0.08 μM and 1.53 ± 0.11 μM which are Figure 4 . The MtlR-HPr interaction is the key mechanism for the glucose repression of the mtl operon in E. coli, which is independent of the mannitol induction mechanism. (A,B) Surface electrostatic potential of HPr and MtlR. The Adaptive Poisson-Boltzmann Solver (APBS) was used to calculate the electrostatic potential at pH 7. The potential ranging from −8 kT/e to 8 kT/e is colored as indicated by the color spectrum bar at the bottom in A. The potential lower than −8 kT/e is colored in red, and that higher than 8 kT/e is colored in blue. The interaction surface of HPr (A) contains several basic residues (indicated in blue) whereas that of MtlR (B) has several acidic residues (indicated in red). The residues identified to be involved in complex formation in previous and this study are indicated by asterisks on the surfaces of HPr and MtlR, respectively. (C) Tests of interaction between MtlR variants and HPr. Wild-type, E108S, E140S, or E108/140S double mutant (DM) of His-MtlR (200 μg) was mixed with 20 μl of EI-overproducing cell lysate, 200 μg of HPr, 2 mM MgCl 2 and 50 μl of Talon metal affinity resin (Clontech Laboratories, Inc.) in the absence or presence of 2 mM PEP as indicated. Each mixture was then subjected to a pull-down assay and processed as described in the legend to Fig. 3C . Experiments were repeated three times with reproducible results. Representative data from three independent experiments are shown. The band intensities of HPr were analyzed as described in the legend to Fig. 3C . (D) Effect of the mtlR(E108S/E140S) mutation on expression of the mtl operon in the presence of different sugars. The wild-type E. coli MG1655 and the chromosomal mtlR(E108S/E140S) mutant were grown in M9 medium containing 0.2% of indicated sugar(s) (Gly, glycerol; Glc, glucose; Mtl, mannitol; Mtl/Glc, glucose and mannitol). Cells were harvested at mid-exponential phase and the expression level of mtlA was quantified by qRT-PCR. Means and standard deviations from three independent experiments are shown relative to that in glycerol-grown wild-type cells, and statistical significance (p value) was determined by Student's t-test. www.nature.com/scientificreports www.nature.com/scientificreports/ significantly increased (~68 and ~73 fold, respectively) and the K D value for the double mutant was too high to measure by this method. These data strongly suggest that the electrostatic interaction is the major determinant of the ecMtlR-HPr interaction.
Given the importance of the surface charge for the ecMtlR-HPr interaction, the introduction of negative charges due to phosphorylation at His15 of HPr is likely to cause charge repulsion with Glu108 and/or Glu140 of MtlR and therefore prevent the interaction between the two proteins. Together, the localization of His15 of HPr at the binding interface for MtlR explains why phosphorylation at His15 abolishes its interaction with MtlR.
the MtlR-Hpr interaction is the key mechanism for the glucose repression of the mtl operon in E. coli, which is independent of the mannitol induction mechanism. We previously showed that K27E mutant of HPr still retains the phosphotransferase activity but is unable to interact with ecMtlR, which led to a loss of glucose preference over mannitol 10 . However, since HPr is one of the most highly conserved proteins in bacteria and interacts with many other proteins involved in several physiological processes including Rsd, glycogen phosphorylase and the transcriptional antiterminator BglG in a phosphorylation-dependent manner [15] [16] [17] [18] , we could not completely exclude the possibility that the effect of the K27E mutation in HPr was due in part to a loss of the interaction with its binding partners other than MtlR. Since the introduction of mutations at both Glu108 and Glu140 in ecMtlR almost completely abolished the HPr binding, we used this double mutation to confirm whether the interaction between MtlR and HPr is sufficient to determine the glucose repression of the mtl operon in E. coli.
We introduced the E108S and E140S mutations into the mtlR gene of the E. coli chromosome. The wild-type and mutant strains of E. coli were grown in M9 minimal medium containing glycerol, mannitol, or glucose and the mRNA levels of mtlA encoding the mannitol-specific PTS permease were measured. In the wild-type E. coli cells grown on glycerol, ~38% of HPr is known to exist in a dephosphorylated form 10 . Therefore, it could be assumed that at least a small amount of MtlR is in the HPr-bound state and thus the mtl operon would be repressed to some extent even in the presence of glycerol alone. In accordance with this assumption, the mtlA transcript level was ~6 fold higher in the chromosomal mtlR(E108S/E140S) mutant than in the wild-type strain (Fig. 4D, lanes 1 and 5) . In the presence of glucose, however, ~88% of HPr is dephosphorylated 10 , and this resulted in significantly stronger repression of the mtl operon than in wild-type cells grown on glycerol (Fig. 4D, lanes 1  and 2) . However, in the mutant strain, expression of the mtl operon was not subject to significant repression by glucose regardless of the presence of mannitol (Fig. 4D, lanes 5 to 8) , indicating that the glucose repression is not functioning in the mutant strain. These data support our previous conclusion that the MtlR-HPr interaction is the key mechanism for the glucose repression of the mtl operon in E. coli 10 .
In our previous study 10 , we showed that expression of the mtl operon is not fully induced in the presence of both glucose and mannitol when compared to that observed in the presence of mannitol alone in wild-type E. coli. We therefore concluded that the MtlR-HPr interaction inhibits the derepression of the mtl operon by mannitol. However, we could not clarify whether dephosphorylated HPr blocks the derepression of the mtl operon by directly inhibiting the inductive effect of mannitol or whether the mechanisms for glucose repression and mannitol induction occur independently of each other. In the wild-type strain, the mtlA mRNA level increased ~11 folds by mannitol in the medium, compared to glycerol medium (Fig. 4D, lanes 1 and 3) . Interestingly, a similar degree of mannitol induction of mtlA expression (~12 fold) was observed in the mutant strain (Fig. 4D, lanes 5-8) , indicating that the mtlR(E108S/E140S) mutant has lost the repressibility by glucose but still retains its inducibility by mannitol. Therefore, these data suggest that the MtlR-HPr interaction is independent of the mechanism for mannitol induction of the mtl operon. However, further studies are required to elucidate how MtlR binds to the promoter region and how mannitol interferes with the repression of the mtl operon by MtlR.
the MtlR-Hpr interaction is conserved within the Enterobacteriaceae family. Since the phenomenon of carbon catabolite repression is observed in most bacteria including Vibrio species 3, 19 and the structural alignment of HPr-bound ecMtlR with vpMtlR showed no significant conformational difference between the two MtlRs (Fig. 1B) , we reasoned that the mechanism for glucose repression of the mtl operon might be conserved in species belonging to the Vibrionaceae family. Interestingly, however, Glu108 and Glu140 in ecMtlR are not conserved in Vibrio MtlRs at all, although the Phe48-binding pocket is quite well conserved in both Vibrio and E. coli species (Fig. 5A,B ). This observation led us to assess whether Vibrio MtlRs also interact with dephosphorylated HPr. We purified HPr and MtlR from V. vulnificus (vvHPr and vvMtlR) and E. coli (ecHPr and ecMtlR) and performed an in vitro binding assay and gel filtration chromatography ( Fig. 5C and Supplementary  Fig. 4) . Surprisingly, vvMtlR did not interact with HPrs from either of the two species, whereas ecMtlR bound to vvHPr as tight as to ecHPr. As all the residues lining the MtlR-binding site of HPr (marked with red arrows in Supplementary Fig. 5 ) are completely conserved among E. coli and Vibrio species, the variation of the MtlR-HPr interaction between these species is likely due to the variation in the amino acid sequence of MtlR.
Since the two bacterial species showed a clear difference in the MtlR-HPr interaction, we were curious whether this interaction is conserved in other bacterial species. Thus, we performed sequence alignment of MtlRs from ~1000 γ-proteobacterial genomes, and found that Glu108 and Glu140 of ecMtlR are conserved only among Enterobacteriaceae MtlRs. Further, we collected MtlR sequences from ~20,000 Enterobacteriaceae genome sequences to see if the HPr-binding site is conserved in Enterobacteriaceae MtlRs. We found that all the residues lining the HPr-binding site are highly conserved, and especially the acidic residues Glu108, Glu111, Glu118, Glu119, Asp123, Glu133 and Glu140 are almost completely conserved ( Supplementary Fig. 6 ). This finding suggests that MtlRs may share the same HPr binding mechanism in the Enterobacteriaceae family and the MtlR-HPr interaction might be the key mechanism for glucose repression of the mtl operon in this family.
Discussion
In this study, we solved a crystal structure of the MtlR-HPr complex and identified that the phosphorylation site His15 of HPr is located close to Glu108 and Glu140 of MtlR. The structure shows that the phosphorylation of HPr introduces negative charges and thereby causes electrostatic repulsion between HPr and MtlR. The introduction of mutations at both Glu108 and Glu140 in MtlR abolished the HPr binding, and expression of the mtl operon was not subject to repression by glucose in a chromosomal mtlR(E108S/E140S) mutant (Fig. 4C,D) . Taken together, our data suggest that glucose repression is entirely dependent on the interaction between MtlR and HPr.
Analysis of the effect of mutations in the charged residues on the binding surface of MtlR and HPr showed that the electrostatic interaction is crucial for their high affinity binding (K D of ~21 nM). In protein-protein interactions, charged residues often contribute to binding specificity rather than binding energy 20, 21 . In the case that the charged residues are clustered in the binding surface, it can promote high affinity binding. Clustering of charged residues also facilitates "electrostatic steering, " a long-range mechanism, in which a ligand is driven to its receptor by electrostatic forces. This largely increases the association rate. Although the resolution of the MtlR-HPr structure is not high enough to clearly show how charged residues precisely interact with one another, we identified possible electrostatic interaction pairs ( Supplementary Fig. 7) , which contribute to the binding specificity. The steering mechanism could also be involved in the MtlR-HPr interaction, since the interaction is mediated by the most negatively charged region of MtlR and the only positively charged area of HPr 22 . Hence, the phosphorylation of His15 of HPr, which is located on the positively charged surface, might disturb the steering of HPr into MtlR and thereby inhibit the specific interaction of Arg17 and His15 with the glutamate residues in MtlR. www.nature.com/scientificreports www.nature.com/scientificreports/ Although ecMtlR has a strong binding affinity to HPr, the SEC-MALS data showed that the estimated molecular weight of the complex (~59 kDa) is smaller than expected (~64 kDa), suggesting that the MtlR-HPr mixture might contain a substantial proportion of HPr-free MtlR. This could be caused by two reasons. First, since the injected sample is diluted during size exclusion chromatography, HPr would partially dissociate from MtlR. In agreement with this interpretation, crystallization of the MtlR-HPr complex purified by size exclusion chromatography has been significantly improved by adding purified HPr to the sample. The HPr supplementation likely increased the ratio of the 2:2 complex to the 2:1 complex between MtlR and HPr. Second, although the error of the SEC-MALS experiments with BSA using absorbance at 280 nm was always less than 2%, the experiments with the MtlR-HPr complex could have a larger error because we used the refractive index to measure the protein concentration during SEC-MALS due to the low absorbances of E. coli MtlR and HPr at 280 nm. Since the refractive index increments (dn/dc) for these proteins are not known, we used the dn/dc value of 0.185 ml/g, which is widely used for proteins. Given that the dn/dc values for most unmodified proteins range from 0.18 to 0.195 23 , the calculated protein concentration might have ~5% error at most.
HPr is a highly conserved general PTS component that transfers a phosphoryl group from EI to sugar-specific EIIs. HPr has been previously reported to interact with other PTS components and several regulatory proteins, and its structures in complexes with EI 24 , Rsd 14 , LsrK 25 , and four different EIIA proteins 13, [26] [27] [28] have been solved so far. These HPr-binding proteins can be categorized into two groups according to the HPr-recognition mechanism. The first group including EI, Rsd, LsrK, and MtlR has three common features. (1) They have a prominent hydrophobic pocket to interact with Phe48 of HPr ( Supplementary Fig. 8 , upper panels). (2) Several acidic residues on the HPr-binding interface directly interact with the basic surface of HPr. (3) One or two acidic residues are located close to His15 to inhibit the binding of phosphorylated HPr by charge repulsion. In contrast, four EIIA proteins in the second group, which are supposed to recognize phosphorylated HPr, apparently share no common mechanism of the interaction with unphosphorylated HPr ( Supplementary Fig. 8 , lower panels). It seems that EIIA proteins avoid strong hydrophobic or electrostatic interactions to maintain low affinity for unphophorylated HPr, which may be necessary for their efficient phosphotransfer acitivity.
Dephosphorylated HPr is known to be also recognized by Rsd in E. coli to inhibit the expression of stationary-phase genes and stress-responsive genes 14 . In the structure of the Rsd-HPr complex, Rsd also binds to the same basic surface of HPr as MtlR does, and the binding interface of Rsd has five acidic residues, indicating that the electrostatic interaction is also important for the Rsd-HPr interaction. The substitution of the Glu51 residue in Rsd into arginine decreased the binding affinity for HPr ~100 fold 16 , supporting the importance of the electrostatic interaction. Unlike the MtlR-HPr interaction, however, both a steric hindrance and charge repulsion were suggested to be the main reasons why Rsd does not bind to phosphorylated HPr, since His15 of HPr is located very close to the neighboring acidic residues of Rsd (Glu51 and Asp55) upon their binding.
The preferential utilization of glucose over mannitol by bacteria requires precise regulation of the mtl operon, in which MtlR plays an important role as a transcriptional repressor [10] [11] [12] . In our previous study, the increased ratio of dephosphorylated HPr to phosphorylated HPr was found to be the signal of the glucose presence that is recognized by MtlR 10 . The current study strongly suggests that this recognition is critical for glucose repression of the mtl operon in E. coli. According to previous studies, the mtl operon is likely controlled by at least three regulatory mechanisms: 1) the HPr-dependent repression, 2) an unknown induction mechanism that directly responds to the mannitol concentration, and 3) the cAMP-dependent activation. According to our data in this study, however, the HPr-dependent repression appears to be independent of the induction mechanism by mannitol, since the induction fold of the mtl operon by mannitol was similar in the wild type and the mtlR(E108S/ E140S) mutant (Fig. 4D ). In the presence of both glucose and mannitol, however, repression by glucose seems to predominate over induction by mannitol, since the expression of the mtl operon is not induced until glucose is exhausted 10 . While the cAMP level decreases in the presence of glucose 7 , glucose did not significantly change the mtlA expression level in the mtlR(E108S/E140S) mutant (Fig. 4D, lanes 5 and 6) . Therefore, the cAMP-dependent activation appears to play, if any, only a minor role in the glucose repression of the mtl operon, which is consistent with our previous observation that the addition of cAMP did not affect glucose preference over mannitol of the wild-type E. coli strain 10 .
MtlR itself has no DNA binding activity in vitro and no DNA binding domain has been found to date [10] [11] [12] . However, we previously showed that MtlR specifically binds to the promoter region of the mtl operon in vivo, although MtlR did not bind to DNA even in the presence of HPr in vitro. Therefore, we assumed the existence of a cognate DNA-binding partner of MtlR 10 . Consistently, we could not find any positively charged surface in the MtlR-HPr structure that could strongly bind to DNA. However, since the most negatively charged surface of MtlR is covered by HPr, the MtlR-HPr complex would experience less repulsion from DNA than does MtlR alone. Interestingly, the binding of two HPr molecules to a MtlR dimer forms a symmetrical w-shaped groove with 3 nm width which seems enough to accommodate a small protein domain of a DNA-binding protein (Fig. 2D ). Since this groove is lined by highly conserved residues of both MtlR and HPr, it seems to have an important role in the repression mechanism.
Materials and Methods
Bacterial strains and plasmids. The bacterial strains and plasmids used in this study are listed in Supplementary Table 1 . Bacterial cells were grown as previously described 10, 15 . All plasmids used in this study were constructed using standard polymerase chain reaction (PCR)-based cloning procedures and verified by sequencing. Genomic DNA of E. coli MG1655, a wild-type K-12 strain, was used as the template DNA for cloning. E. coli ER2566 (NEB) was used for overproduction of recombinant proteins. Expression vectors for mutant forms of MtlR were constructed by quick change site-directed mutagenesis using pET-HisMtlR 10 as the template. In-frame deletion mutants were constructed using the pKD46 plasmid as previously described 29 . medium (1.2% tryptone, 2.4% yeast extracts and 0.5% glycerol) were used for routine E. coli culture. LBS medium (1% tryptone, 2% NaCl and 0.5% yeast extracts) was used for V. vulnificus culture. Ampicillin (100 μg/ml) or kanamycin (20 μg/ml) was added when required. For overproduction of proteins using ER2566 and pET-based expression vectors, cells were grown in LB or TB medium at 37 °C and IPTG was added to the culture medium to a final concentration of 1 mM when the culture reached A 600 of 0.4 or 1.0, respectively, and the cells were harvested 3-4 h after induction.
Protein purification. E. coli ER2566 transformed with pET-based expression vectors were used for overproduction of His 6 -tagged proteins. His-tagged proteins were purified using Clontech Talon metal affinity resin (Clontech Laboratories, Inc.) according to the manufacturer's instructions. The cell pellet containing overexpressed proteins were resuspended in binding buffer (20 mM HEPES-NaOH, pH 7.4, 100 mM NaCl, 0.05% β-mercaptoethanol, 10% glycerol), disrupted by two passages through a French pressure cell at 10,000 psi. After centrifugation at 9,300 × g for 20 min to remove cell debris, the soluble fraction was mixed with Talon TM metal affinity resin, and the mixture was loaded onto Poly-Prep chromatography column (8 × 40 mm; Bio-Rad). The column was washed three times with wash buffer (10 mM imidazole added to binding buffer) and the bound proteins were eluted with elution buffer (150 mM imidazole added to binding buffer). The fractions containing His-tagged proteins were concentrated using Amicon Ultracel-3K centrifugal filters (Millipore Ireland). To remove imidazole and other impurities, the concentrated proteins were chromatographed on a Superose 12 10/300 GL column (GE Healthcare Life Sciences) equilibrated with binding buffer.
Untagged proteins were purified using MonoQ TM 10/100 GL and a HiLoad 16/60 Superdex 75 prepgrade columns (GE Healthcare Life Sciences). Cells induced to overexpress HPr or EI were resuspended in buffer A (20 mM Tris-HCl, pH 8.0, 50 mM NaCl, 0.05% β-mercaptoethanol, 5% glycerol) and disrupted by two passages through the French pressure cell at 10,000 psi. After centrifugation at 100,000 × g for 60 min at 4 °C, the supernatant was applied to a MonoQ TM 10/100 GL column equilibrated with buffer A. Protein elution was carried out by using a 15-column volume gradient of 50-1000 mM NaCl in buffer A at a flow rate of 1 ml/min. The fractions containing HPr or EI were pooled, concentrated and chromatographed on a HiLoad 16/60 Superdex 75 prepgrade column equilibrated with the binding buffer.
To purify the MtlR-HPr complex, His 6 -tag and HRV 3C protease cleavage site were fused to the N terminus of the MtlR coding sequence in pET-MtlR. E. coli ER2566 harboring this plasmid was grown in LB medium at 37 °C to OD 600 ~ 0.5 and overexpression of MtlR was induced by 1 mM IPTG for 4 h. Overexpression of HPr was performed using the E. coli GI698 strain harboring pSP100 as described previously 18 . The two strains with overexpressed MtlR and HPr were mixed and resuspended in buffer B (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM β-mercaptoethanol). After cells were lysed by sonication, the cell lysate was loaded on a Ni-NTA column. The column was washed with buffer B containing 20 mM imidazole and eluted with buffer B containing 200 mM imidazole. The eluate from Ni-NTA was treated with His 10 -tagged HRV 3C protease at 4 °C overnight. The protease-treated sample was diluted 20-fold with buffer B and loaded on a Ni-NTA column to remove the His tag and the protease. The unbound fraction with buffer B was collected and concentrated in a 3 kDa MWCO centricon (Millipore). The concentrated unbound fraction containing the MtlR-HPr complex was then chromatographed on a HiLoad 16/60 Superdex 75 prepgrade column (GE Healthcare Life Sciences) equilibrated with binding buffer. The sample was concentrated up to >40 mg/ml for crystallization screening, LN 2 -cooled and stored at −80 °C. Protein crystallization, data collection, and structure refinement. The complex was initially crystallized in the reservoir solution containing 100 mM Tris-HCl (pH 8.5), 200 mM Mg-acetate, 15% polyethylene glycol (PEG) 8000 by the sitting drop vapor diffusion method at 16 °C. This was performed by mixing 0.2 μl protein complex solution (60 μg/μl) with 0.1 μl reservoir solution and equilibrating against 70 μl well solution. The initial crystals were small and were not easily improved by simple changes in pH, chemical concentration, and incubation temperature. To improve crystallization, a 1.5-fold molar excess of purified HPr was supplemented to the purified MtlR-HPr complex and incubated for 30 min at 4 °C until crystallization screening. A bigger crystal was obtained in the same reservoir solution and the condition was further optimized by increasing the incubation temperature up to 25 °C. In the optimized condition, the complex was crystallized without the seeding procedure and fully grew in 2 days.
For the X-ray diffraction experiment, the crystals were dehydrated by adding 0.25 μl of the cryoprotectant solution (the reservoir solution supplemented with 40% [v/v] ethylene glycol) into the crystal-containing drop (0.1-0.2 μl). The crystals were cryo-cooled in a 100 K nitrogen stream. The X-ray diffraction data were collected at Beamline 5C -SB II in the Pohang Accelerator Laboratory (PAL) at a wavelength of 0.98 Å. The diffraction data set was processed by HKL-2000 (HKL Research). The structure was determined by molecular replacement using PHASER in PHENIX 30 using a vpMtlR monomer of the dimer structure 11 (PDB 3BRJ) and the H15D mutant structure of HPr 31 (PDB 1CM3) as search models. Two MtlR-HPr heterodimers were found in the asymmetric unit: Complex 1 comprises chains A and B and complex 2 comprises chains B and D. Model building and refinement were carried out using COOT 32 and PHENIX. The Ramachandran plot of the final model showed 94.55% and 5.45% residues in favored and allowed regions, respectively. The coordinates and structure factors have been deposited in the Protein Data Bank (PDB entry 6KCR).
Sec-MALS.
Purified HisMtlR alone (40 μg) and in complex with HPr (60 μg) were analyzed by size exclusion chromatography (SEC) coupled with multi angle light scattering (MALS) using a Superdex TM 200 increase 5/150 GL column (GE Healthcare Life Sciences) on Agilent Technologies 1260 Infinity. The mobile phase (the binding buffer) was applied at a flow rate of 0.2 ml/min. The signals of UV, light scattering and refractive index were
